Purpose: Decidualization comprises specific biochemical and morphological changes in uterine endometrium essential for establishment of pregnancy. This process is abnormal in women with endometriosis, a disorder in which endometrial
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women with endometriosis (eSF endo ) do not express appreciable amounts of the decidual marker insulin growth factor binding protein 1 (IGFBP1) due to inherent insensitivity to PKA pathway stimulation (14, 15) . treatment of ectopic eSF from ovarian endometriomas with small molecule inhibitors of AKt or PI3K during in vitro decidualization increased expression of IGFBP1 and its upstream transcriptional regulator forkhead box 1 (FOXO1) (16) . We previously demonstrated that treatment of stromal fibroblasts from eutopic endometrium of women without endometriosis (eSF non-endo ) with 8-br-cAMP resulted in up-regulation of IGFBP1; whereas eSF endo were refractory to 8-br-cAMP (14) . In addition, the inhibition of MAPK kinase 1/2 (MEK1/2) with UO126 did not restore 8-br-cAMP up-regulation of IGFBP1 in these cells from women with disease (2) . thus, the limited use of small molecule inhibitors, reported in a few studies, has met with fair success in restoring decidualization marker expression in eSF endo . Herein, we hypothesized that a combination of overactive PI3K/AKt/mtOR, MAPK and EGFR signaling pathways is causative of aberrant 8-br-cAMP-induced decidualization marker expression in eSF from women with endometriosis. We treated eSF with the selective chemical inhibitors gefitinib (EGFR tyrosine kinase inhibitor), rapamycin (mtOR inhibitor) and UO126 concomitantly with 8-br-cAMP, and performed multiplex and quantitative real-time polymerase chain reaction (qPCR) analyses to investigate their effects on decidualization marker expression. Our results indicate that inhibition of EGFR tyrosine kinase activity restored expression of specific decidual markers in eSF endo to levels in eSF non-endo .
MAtERIAlS AnD MEtHODS

Human endometrial samples
Human eutopic endometrial tissue samples were obtained in accordance with the guidelines of the Declaration of Helsinki, from 24-to 42-year-old women undergoing endometrial biopsy or hysterectomy for diagnosis or treatment of pelvic pain, fibroids, prolapse and/or endometriosis (tab. I). no ectopic lesions or tissues were collected from patients or used in the present study. Presence or absence of endometriosis was confirmed by laparoscopic visualization and histological analysis of peritoneal lesions. Staging of endometriosis was defined according to the Revised American Society uterine endometrium and/or compromised embryo implantation (1, 4) . Ectopic endometrial lesions (outside the uterus) and eutopic endometrium (within the uterus) of women with this disease are stimulated by estradiol, but are resistant to the action of progestins and progesterone (P 4 ) (5, 6) . the latter regulates nociceptive pain thresholds in innervated endometriosis lesions (7) and, within the uterus, is essential for endometrial epithelial secretory transformation and stromal fibroblast decidualization, critical for the establishment and maintenance of pregnancy. thus, resistance to P 4 and progestins can have a major impact on pain relief, disease control and fertility success of affected women. Several signaling pathways have been implicated in these aspects of the pathophysiology of progesterone resistance and compromised stromal fibroblast decidualization, including protein kinase A (PKA), mitogen-activated protein kinase (MAPK), and phosphatidylinositide-3 kinase/AKt/ mammalian target of rapamycin (PI3K/AKt/mtOR) (8) . Understanding involvement and cross-talk among these pathways, and whether pathway-specific inhibitors can restore endometrial cell function or biomarkers, is of great interest as they hold promise to mitigate endometrial cellular dysfunction in the setting of disease. Constitutive activation of PI3K/AKt and MAPK pathways has been reported in both eutopic and ectopic endometrial tissues in endometriosis (9) . We previously found higher levels of phosphorylated (p)-ERK1/2 in stromal fibroblasts from women with severe endometriosis versus women without disease in vivo (2) . Higher levels of phosphorylated (p)-mtOR have been found in ovarian endometrioma tissues (10) , and active AKt1 is elevated in eutopic endometrium of women with versus without endometriosis (11) . In addition, mRnA expression of epidermal growth factor receptor (EGFR), which is upstream of both PI3K/AKt and MAPK pathways, is increased in eutopic endometrium in the early secretory phase in severe versus mild disease (12) . these data suggest a role for EGFR in increased activation of these pathways within the stromal compartment of the uterus in women with endometriosis. Consistent with this notion is the finding that members of the EGFR family HER1, HER2 and HER3 exhibit greater mRnA expression in whole eutopic endometrium from women with versus without disease (13) . When treated with decidualizing stimuli (P 4 , progestin and/ or 8-bromoadenosine 3',5'-cyclic monophosphate ), eutopic endometrial stromal fibroblasts (eSF) from for Reproductive Medicine classification system (17) . no patients used hormone treatments within 3 months of surgery. Samples were obtained through the UCSF nIH Human Endometrial tissue and DnA Bank with appropriate institutional review, approvals and written informed consent from all participating subjects, as approved by the University of California San Francisco Committee on Human Research. Endometrial samples were processed for cell culture experiments as described below.
eSF isolation and culture
eSF from non-endometriosis (eSF non-endo ) (n = 5) and endometriosis (eSF endo ) (n = 5) subjects were isolated by digesting endometrial tissue samples with collagenase followed by filtration as previously described (18, 19) . Isolated eSF were cultured in growth medium (phenol red-free medium of 3:1 high-glucose phenol red-free DMEM/MCDB-105, 0.676 mM sodium pyruvate, 10% charcoal-stripped fetal bovine serum [FBS] , 1% penicillin-streptomycin mix, 50 µg/ml gentamycin, 5 µg/ml insulin), with medium replaced every 2-3 days for up to 6 passages. All cells used in the experiments described herein were from the fourth passage. For qPCR and multiplex experiments, confluent cells were incubated for 24 hours in low-serum medium (3:1 high-glucose phenol red-free DMEM/MCDB-105, 0.75 mM sodium pyruvate, 50 µg/ml gentamycin, 2% FBS) before treatment. For multiplex experiments, cells were incubated in either EGF (20 ng/ml) for 30 minutes or 8-br-cAMP (0.5 mM) for 60 minutes with inhibitors to mtOR (rapamycin; 10 nM), MEK1/2 (UO126; 10 µM) or EGFR tyr1173 tyr992 (gefitinib; 10 µM) alone or in combination. these time points were determined by treatment of eSF with either EGF or 8-br-cAMP and then observing the time point at which optimal p-ERK1/2 activation (EGF) or inhibition (8-brcAMP) occurred (2, 20) . All inhibitors were delivered in dimethyl sulfoxide (DMSO), and all treatments were adjusted to contain 0.1% DMSO. Cells were then harvested for protein analysis as described below. For decidualization, cells were treated with 0.5 mM 8-br-cAMP for 96 hours in low-serum medium, conditions previously determined optimal for decidualization (2, 14) , with or without the inhibitors listed above. Media were refreshed after 48 hours. Optimal inhibitor concentrations were determined using previously published data on effective doses (2, 21, 22) . Samples without treatment were collected at baseline (t = 0) to serve as controls. After 96 hours of (23) , where a standard curve is created for each primer set using pooled cDnAs from the entire experimental sample set, and efficiency of the cDnA standards is between 90% and 110%. Samples were assayed in duplicate, and relative gene expression was normalized with beta actin (ACtnB) and t = 0 controls within each group to control for time in culture. 
Multiplex assays
p-EGFR multiplex assays
Analysis of p-EGFR (tyr1173) was performed using a multiplex approach similar to that for other phospho protein targets described above. After treatment and total protein extraction from cells, lysates were diluted in cell lysis buffer to a concentration of 10 µg/50 µl and incubated with BioPlex Pro magnetic cell signaling beads (Bio-Rad) for p-EGFR (tyr1173) and GAPDH overnight at 4°C with shaking. Beads were washed and incubated for 30 minutes with antibodies for p-EGFR and GAPDH at room temperature, washed and further incubated with SAPE for 10 minutes at room temperature. Beads were then washed, resuspended in Bead Resuspension Buffer and analyzed on a BioPlex 200 (Bio-Rad). the ratio of phospho protein to GAPDH was calculated for p-EGFR.
Data analysis
All quantitative data were subjected to analyses of variance (AnOVA) using general linear model procedures available with SAS (SAS 2012-2013; SAS Institute, Cary, nC, USA). For transcript comparisons, data were generated from
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fold change of each transcript to ACtnB transcripts using individually determined standard curves. For protein comparisons fold change to GAPDH protein was performed.
Statistical models considered variation due to the main effect of inhibitor treatment, including no treatment vehicle control (DMSO). treatment effects were identified by performing a set of preplanned contrasts to include comparisons of specific groups for each target transcript or protein (24) . In all cases, significance was set at a p value of <0.05.
RESUltS
to prove/disprove our central hypothesis that overactive EGFR signaling in eSF endo is causative of the compromised decidualization response observed in these cells, we pursued the following: (i) analyzed EGFR pathway activation, including downstream ERK1/2 and mtOR, in eSF to determine activation status of these pathways in disease; (ii) demonstrated compromised eSF decidualization response on a background of increased EGFR signaling (12, 13) , and recreated this effect in eSF non-endo by activating EGFR; and (iii) used small molecule inhibitors to EGFR, mtOR and MEK1/2 in an attempt to restore the decidualization response in eSF endo .
eSF from women with endometriosis do not decidualize in response to cAMP
Previous data have demonstrated that eSF endo exhibit an altered response to PKA stimulation (14) , which manifests in reduced decidualization capacity (2, 15) . Our objective in this experiment was to demonstrate compromised decidualization response by eSF on a presumed background of increased EGFR signaling (12, 13) . After treatment with cAMP for 96 hours, we measured expression of 3 key decidualization genes by PCR, IGFBP1, PRL and FOXO1A, and calculated fold changes against expression levels at t = 0. IGFBP1 expression increased over 100,000-fold in eSF non-endo , while there was a minimal increase in eSF endo (Fig. 1A) . PRL expression increased over 35,000-fold in eSF non-endo , with a small increase in eSF endo (Fig. 1B) . We also observed a significant increase in FOXO1A expression in eSF non-endo , but little increase in eSF endo (Fig. 1C ). these data demonstrate a limited capacity of eSF endo to respond to cAMP, and suggest that overactive EGFR found in these subjects could be responsible for aberrant decidualization in eSF endo .
Components of the EGFR signaling pathway are activated in endometriosis
to better understand the role of signaling in aberrant decidualization, we analyzed mtOR, EGFR and ERK phosphorylation by 8-br-cAMP at 60 minutes, a time point found to decrease ERK1/2 phosphorylation in eSF non-endo (2) . Contrary to our hypothesis, there were no significant differences in p-EGFR at baseline (t = 0), and p-EGFR increased in eSF non-endo when treated with 8-br-cAMP for 60 minutes, with no concomitant increase in eSF endo ( Fig. 2A ). p-mtOR was elevated in eSF endo at t = 0 and increased in both eSF non-endo and eSF endo when treated with cAMP, with levels in diseased cells remaining significantly higher than in nondiseased cells after 60 minutes of treatment (Fig. 2B) . Finally, p-ERK1/2 was also elevated in eSF endo at t = 0, and decreased in eSF non-endo while remaining elevated in eSF endo with 60 minutes of cAMP treatment (Fig. 2C) . these data indicate differences in response of EGFR and mtOR to cAMP and subsequent phosphorylation states that may affect the onset of decidualization in eSF.
EGF inhibition of decidualization in eSF from women without endometriosis is restored by gefitinib
Previous experiments have described the inhibition of cAMP-induced decidualization by EGF in eSF (25) . the objective of this experiment was to inhibit decidualization in eSF non-endo by stimulating EGFR with EGF. Figure 3 shows IGFBP1 mRnA expression after 96-hour treatment with EGF + 8-br-cAMP and compared with 8-br-cAMP alone. Results showed that expression of IGFBP1 in eSF non-endo , when treated with EGF + 8-br-cAMP was equal to that in eSF endo and similar to levels found in eSF endo treated with 8-br-cAMP alone. When the EGFR tyrosine kinase inhibitor gefitinib was added to EGF + 8-br-cAMP, IGFBP1 expression in eSF non-endo was fully restored and allowed partial restoration of IGFBP1 expression in eSF endo . these results indicate that overactivation of EGFR in disease could be a cause for decreased decidualization in response to 8-br-cAMP, and that blockade of EGFR tyrosine kinase with gefitinib restores decidualization marker expression in eSF endo . 
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EGF increases activation of mTOR in endometriosis
We treated eSF with EGF for 30 minutes alone or with inhibitors to specific signaling pathways, to evaluate EGFR, ERK and mtOR activation (in a pilot study, 30 minutes was found to be the optimal time for EGF activation of ERK1/2 in eSF -data not shown). p-EGFR increased similarly in eSF non-endo and eSF endo with all treatments, except for gefitinib + EGF which decreased p-EGFR in eSF independent of disease status (Fig. 4A ). p-ERK1/2 was also detected in similar levels in eSF non-endo and eSF endo , except for t = 0 where ERK1/2 activation was increased in eSF endo versus eSF non-endo . treatment with both gefitinib and UO126 inhibited ERK activation by EGF (Fig. 4B) . mtOR phosphorylation was increased in eSF endo versus eSF non-endo by EGF in all treatments, including treatment with EGF in combination with gefitinib (Fig. 4C ). these data demonstrate that EGF is able to activate EGFR, ERK and mtOR pathways in eSF, independent of disease state. they also demonstrate that while gefitinib is able to decrease activation of both EGFR and ERK by EGF, the same was not evident with p-mtOR, suggesting an alternate route of activation of mtOR by EGF that is EGFR-independent.
Gefitinib restores decidualization marker expression in endometriosis
We treated eSF with inhibitors to EGFR, mtOR and MEK1/2 during cAMP treatment to determine their effect on restoring decidualization marker expression, and investigated the roles of these signaling pathways on the decidualization process in eSF. IGFBP1 expression remained decreased in eSF endo versus eSF non-endo with 8-brcAMP and rapamycin + 8-br-cAMP, and UO126 + 8-brcAMP. In contrast, when treated with gefitinib, levels of IGFBP1 increased in eSF endo to levels equal to that found in eSF non-endo (Fig. 5A) . Similar results were also found with 2 other decidualization markers, PRL (Fig. 5B) and FOXO1A (Fig. 5C ). these results indicate that inhibition of EGFR, but not downstream mtOR or ERK pathways, is able to restore cAMP-induced decidualization marker expression in eSF endo .
Gefitinib affects mTOR activation in endometriosis
Because gefitinib restored decidualization marker expression in eSF endo , we investigated signaling pathway activation when EGFR tyrosine kinase was inhibited with gefitinib. p-EGFR was increased in eSF non-endo versus eSF endo with 8-br-cAMP treatment, but increased in eSF endo versus eSF non-endo with rapamycin + 8-br-cAMP (Fig. 6A ). there were no differences in p-ERK1/2 between eSF non-endo and eSF endo with any treatment, aside from the t = 0 time point and 8-br-cAMP treatment, as observed earlier (Fig. 6B) . UO126 did not decrease p-ERK1/2 levels in the presence of 8-br-cAMP, as it did when cells were treated with EGF, suggesting the possibility of direct activation of ERK1/2 by PKA stimulation in eSF (Fig. 6B) . Activation of mtOR was higher at t = 0 in eSF endo as described earlier, and remained elevated in eSF endo versus eSF non-endo with 8-br-cAMP, rapamycin + 8-br-cAMP, and UO126 + 8-br-cAMP treatment.
However, when cells were treated with gefitinib + 8-brcAMP, the treatment that restored decidualization marker levels in eSF endo , p-mtOR levels were equal in eSF non-endo and eSF endo , although levels in eSF endo with this treatment were lower than those found in eSF endo treated with 8-brcAMP alone (Fig. 6C) . thus, these data demonstrate that inhibition of the tyrosine kinase domain of EGFR during cAMP treatment results in decreased levels of p-mtOR in eSF endo to levels equal to eSF non-endo , suggesting that EGFRmtOR signaling is critical during cAMP-induced decidualization in eSF. When combined with the data above showing EGF stimulating mtOR through EGFR-independent means, the data suggest interplay of an EGFR tyrosine kinase
Fig. 4 -EGF regulation of cell signaling activation in endometrial stromal fibroblasts. Endometrial stromal fibroblasts from women without endometriosis (Non-Endo) and with endometriosis (Endo) were cultured for 30 minutes in low-serum medium (DMEM-MCDB105 + 2% FBS) containing 20 ng/mL EGF, EGF + 10 µM gefitinib, EGF + 10 nM rapamycin, or EGF + 10 µM UO126. Inhibitors were delivered in DMSO, and all treatments including cAMP were adjusted to contain 0.1% DMSO. Cells were harvested for total protein extraction and subjected to multiplex protein analysis including A) phosphorylated-epidermal growth factor receptor (p-EGFR); B) phosphorylated-extracellular-regulated-kinase 1/2 (p-ERK1/2); and C) phosphorylated mammalian target of rapamycin (p-mTOR). Phosphorylated-protein values were normalized to GAPDH levels for each sample. Data are represented as average ratios ± s.e.m. Asterisks indicate significant differences between Non-Endo and Endo within treatment by ANOVA (p<0.05).
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and PKA signaling in the regulation of mtOR activation in eSF.
EGF receptor and negative feedback regulator expression is dysregulated in eSF endo
Because differences in EGFR activation between eSF nonendo and eSF endo were minimal, we evaluated expression of several EGF-ligand binding receptors and negative feedback regulators to determine possible alternate regulation of EGFR signaling. Figure 7A shows expression of receptors EGFR and ERBB2, and negative regulators of EGFR, ERRFI1 and PTPRK at t = 0. levels of EGFR, ERBB2 and ERRFI1 mRnA were all higher in eSF endo versus eSF nonendo ; levels of PTPRK did not differ between eSF non-endo and eSF endo . However, after 96 hours of 8-br-cAMP treatment, levels of EGFR, ERBB2, ERRFI1 and PTPRK mRnA all significantly increased in eSF non-endo versus eSF endo (Fig. 7B ). these data suggest some level of involvement of EGFR in decidualization in eSF non-endo ; however, when stimulated with cAMP, eSF endo do not properly regulate activation of EGFR, as suggested by the lower levels of ERRFI1 and PTPRK expression. thus, increased activation of EGFR may not be causative of aberrant decidualization in eS-F endo , as levels of p-EGFR are actually higher in eSF non-endo following 8-br-cAMP treatment. Rather, decreased decid- ualization in response to cAMP may be due to sustained unopposed activation of EGFR in eSF endo .
Expression of select EGFR ligands are increased in endometriosis
In addition to evaluating EGF family receptors and negative regulators, we evaluated mRnA expression of several EGFR ligands. Expression of AREG and HBEGF was higher in eSF non-endo than eSF endo at t = 0, while TGFA expression occurred at similar levels in eSF non-endo and eSF endo at t = 0 (Fig. 8A) . However, with 8-br-cAMP treatment, AREG increased in eSF endo versus eSF non-endo and expression was inhibited in eSF independent of disease with UO126 + 8-brcAMP (Fig. 8B) . TGFA increased dramatically in eSF endo versus eSF non-endo with 8-br-cAMP, gefitinib + 8-br-cAMP, and UO126 + 8-br-cAMP; rapamycin + 8-br-cAMP decreased expression of TGFA in eSF endo (Fig. 8C) . Finally, HBEGF expression was not different between eSF non-endo and eSF endo except with the combination of rapamycin + 8-br-cAMP, where expression was elevated in eSF endo versus eSF non-endo (Fig. 8D ). these data demonstrate the possibility that autocrine/paracrine activation of EGFR by tGFA or AREG with cAMP treatment could result in EGFR activation in eSF endo . the different expression patterns of these ligands depending on pathway inhibition also provide insight into the complex- 
1% DMSO. Cells were harvested for total protein extraction and subjected to multiplex protein analysis for A) phosphorylated-epidermal growth factor receptor (p-EGFR); B) phosphorylated-extracellularregulated-kinase 1/2 (p-ERK1/2); and C) phosphorylated-mammalian target of rapamycin (p-mTOR). Phospho-protein values were normalized to GAPDH levels for each sample. Data are represented as average ratios ± s.e.m. Asterisks indicate significant differences between NonEndo and Endo within treatment by ANOVA (p<0.05).
Fig. 7 -EGF receptor and negative regulator expression in endometrial stromal fibroblasts. Endometrial stromal fibroblasts from women without endometriosis (Non-Endo) or with endometriosis (Endo) were cultured for 96 hours in low-serum medium (DMEM-MCDB105 + 2% FBS) with 0.5 mM 8-br-cAMP. Cells were harvested for total RNA extraction and subjected to quantitative real-time PCR analysis for epidermal growth factor receptor (EGFR), v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 (ERBB2), ERBB receptor feedback inhibitor 1 (ERRFI1), and receptor-type tyrosine-protein phosphatase kappa (PTPRK) at t = 0 (A) and after 96-hour 8-br-cAMP treatment (B). Gene expression data were calculated using the standard curve method and normalized to ACTNB levels in each sample, and normalized to t = 0 to control for time in culture. Data are represented as average fold change to t = 0 ± s.e.m. Asterisks indicate significant differences by ANOVA (p<0.05).
ity of their regulation in eSF. the similar levels of AREG in eSF non-endo and eSF endo with gefitinib, as well as the higher levels of TGFA in eSF endo versus eSF non-endo with gefitinib suggest that dysregulation of EGFR signaling occurs downstream of ligand receptor binding. no significant differences in p-AKt, p-PtEn, p-P70S6K, cleaved PARP or active caspase 3 between eSF non-endo and eSF endo were observed regardless of treatment time or inhibitors present (see supplementary Figures 1 and 2 , available online at www.j-endometriosis.com). Simultaneous treatment with any 2-inhibitor combination did not have an additive effect on decidual marker gene expression (see supplementary Figure 3 , available online at www.j-endometriosis.com).
DISCUSSIOn
Herein, we used selective chemical inhibitors to block the EGFR, mtOR and MAPK signaling pathways in an effort to induce decidualization marker expression in eSF from women with endometriosis. Using gefitinib, an inhibitor of the EGFR tyrosine kinase domain (tyr1173 and tyr992), we were able to restore gene expression of 3 key markers of decidualization: IGFBP1, PRL and FOXO1A. to our knowledge, this is also the first study providing evidence of the dysregulation of protein tyrosine phosphatase receptor type kappa (PtPRK), a negative feedback regulator of EGFR, during 8-br-cAMP-induced decidualization in eSF. these observations are crucial to understanding the decidualization process in eSF and its aberrant regulation in endometriosis.
Decidualization
Decidualization is a complex process that involves a number of autocrine/paracrine loops involving cytokines and growth factors and other secreted molecules including interleukin-11 (Il-11), PRl, IGFBP1 and HBEGF (26) . Previously, studies have demonstrated a blunted expression of specific decidual markers in response to activation of the cAMP/PKA pathway in eSF from women with endometriosis versus those without disease (2, 14, 15) . We also previously determined that there is no defect in cAMP hydrolysis in eSF endo , indicating that the diminished response of these cells to cAMP/PKA stimulation may be due to insensitivity of certain genes to PKA stimulation or a difference in the regulation of cell signaling pathways in eSF endo (14) . In the present study, IGFBP1, PRL and FOXO1A expression increased in eSF endo to levels consistent with those found in eSF non-endo , by treatment with the EGFR tyrosine kinase domain inhibitor gefitinib (Fig. 5) , suggesting dysregulation of EGFR signaling in eSF endo during cAMP-induced decidualization.
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We detected elevated levels of p-ERK1/2 and p-mtOR in eSF endo when compared with normal counterparts prior to treatment with 8-br-cAMP, both of which are downstream of EGFR in their respective pathways. We previously found an increase in EGFR gene expression and gene expression of selected EGFR ligands in eSF from women with severe endometriosis versus women with mild disease (12) , while another study showed decreased expression of EGFR in eSF from women with disease (27) . A decreased response to EGF by eSF endo (28) and an inhibitory effect of EGF on 8-br-cAMP-induced decidualization (25) have also been reported. these data collectively suggest it is possible that several mechanisms are operating with regard to EGFR and other ERBB receptors in eSF endo , which may be affected by increased copy number or higher levels of tyrosine kinase activity. It is also possible that negative regulators of EGFR, including ERRFI1 and PtPRK, do not respond to stimuli in eSF endo as they do in eSF non-endo , thus affecting down-regulation of EGFR tyrosine kinase. Evidence for dysregulation at different levels within the EGFR system is apparent in the current study from the impaired regulation of EGFR, ERBB2, ERRFI1 and PTPRK expression by 8-brcAMP in eSF endo , which remained essentially nonresponsive to 8-br-cAMP (Fig. 7) . Collectively, these data coupled 
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sion of a number of cancers, presumably by stimulating tumor cell proliferation (34) . this raises the possibility that endogenous tGFA acts as an autocrine/paracrine ligand stimulating EGFR signaling that inhibits decidualization. However, changes in TGFA or AREG expression did not correlate with decidualization marker changes consistently across treatments. Addition of rapamycin in combination with 8-br-cAMP reduced TGFA expression, but this was not correlated with increased expression of decidualization markers in eSF endo . Conversely, 8-br-cAMP in combination with gefitinib had no effect on TGFA expression, but increased expression of decidualization markers in eSF endo . therefore, increased availability of EGFR ligand alone does not seem to account for the inhibition of decidualization marker expression in eSF endo , suggesting a potential dysregulation of the EGFR signaling pathway residing downstream from ligand-receptor binding.
mTOR and decidualization markers
Another observation made in this study is the relationship between mtOR activation and expression of decidualization marker genes. levels of p-mtOR were constitutively elevated in eSF endo versus eSF non-endo and in all cases when treated with 8-br-cAMP (Fig. 6) . the one exception occurred when eSF were treated with gefitinib in addition to 8-br-cAMP, which decreased p-mtOR in eSF endo to levels equal to those in eSF non-endo . Addition of gefitinib to 8-br-cAMP treatment was also when we observed equivalent levels of expression of IGFBP1, PRL and FOXO1A in eSF endo and eSF non-endo (Fig.  5) . this would suggest that inhibition of EGF signaling in eS-F endo causes a sufficient decrease in the elevated levels of p-mtOR for decidualization to occur. cAMP or its analogues are not known to directly activate the mtOR signaling pathway. A study previously performed in thyroid cells demonstrated that cAMP, in combination with tSH, could activate mtORC1, which then led to downstream activation (35) . this activation of mtOR by the cAMP/tSH combination occurred independent of AKt phosphorylation, suggesting direct activation of mtOR by cAMP/tSH. this observation, coupled with our own data, suggests that cAMP may stimulate mtOR signaling through nonclassic yet still unclear mechanisms. thus, it is possible that the dysregulation of EGFR signaling we propose is occurring downstream of ligand-receptor binding results in hyperactivation of mtOR in eSF endo that is normalized to that of eSF non-endo with inhibition of the EGFR tyrosine kinase domain.
with restoration of decidual marker expression in eSF endo following treatment with gefitinib, demonstrate that the EGFR signaling system plays a key role in the aberrant expression of decidualization markers seen in endometriosis.
EGFR inhibitors
Our study showed lower levels of ERRFI1 expression in 8-br-cAMP-treated eSF endo compared with their normal counterparts, consistent with its known altered expression in endometrium from women with endometriosis (26, (29) (30) (31) . ERRFI1 has also previously been shown to be involved in regulation of uterine homeostasis in response to E2 in mice (31) , and knockdown of ERRFI1 in human bronchiolar epithelial leads to an increase in both p-EGFR and p-AKt (32) , resulting in increased cell proliferation. the current study also revealed the dysregulation of another negative receptor of EGF signaling in eSF endo , receptortype protein tyrosine phosphatase kappa (PtPRK), to our knowledge not previously reported. PtPRK acts as a regulator of EGFR activity by dephosphorylating the receptor at tyrosines 1068 and 1173 (33) , and its silencing increases basal and EGF-stimulated EGFR tyrosine kinase phosphorylation and downstream ERK activation. In the current study, 8-br-cAMP-stimulated levels of both ERRFI1 and PTPRK were markedly increased by gefitinib, and showed less prominent changes with the other inhibitors, but invariably with a persistent blunted response in eSF endo compared with controls. Alternatively, it is possible that the effect of gefitinib on dephosphorylation of p-EGFR tyr1173 resulted in decreased expression of PTPRK in eSF endo . the same effect was not seen in eSF non-endo , however, indicating differences in how eSF respond to these stimuli in the context of disease. Combined, these results indicate that, regardless of EGFR expression or activation, eSF endo may demonstrate a compromised capacity to regulate EGFR activity during 8-br-cAMP decidualization.
EGFR ligands
the expression of several EGFR ligands was evaluated to investigate the potential for autocrine or paracrine activation of EGFR signaling in eSF endo . In the present study, 8-brcAMP increased TGFA and AREG expression selectively in eSF endo . While similar observations in endometriosis have not been reported, the interaction of tGFA with EGFR in an autocrine manner has been implicated in the progres-and aromatase P450 inhibitors to block ovarian estradiol synthesis and/or action on endometrial tissue, prevent retrograde menstruation and provide a less optimal environment for lesion survival and growth (36) . Most of these current medical therapies affect ovulation and endometrial cyclicity, thus having no positive effect of fertility in women with disease, and in fact delay fertility potential. Furthermore, no drug that has been used to date has proven to be effective at restoring infertility in subfertile endometriosis patients versus placebo (36) . the data presented herein demonstrating that the use of gefitinib restores 8-br-cAMPinduced decidualization marker expression in women with endometriosis indicate that chemical inhibitors of EGFR tyrosine kinase activation warrant further exploration as potential treatments for endometriosis-related infertility. the use of an EGFR inhibitor could be one alternative, as it may not have negative effects on reproductive functions, although this remains undetermined.
Summary and conclusions
Herein, we have demonstrated the restoration of the decidualization markers IGFBP1, PRl and FOXO1A in eSF from women with endometriosis by inhibiting EGFR tyrosine kinase activity with gefitinib. these experiments have also provided insight into the roles of EGFR, mtOR and MAPK signaling in 8-br-cAMP-induced decidualization. Future studies are warranted to investigate the involvement of these pathways in the complex process of decidualization, and evaluate the potential for, and safety of, EGFR inhibitors in the clinical management of endometriosis-related infertility. 
